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Introduction
Biomass is an environmentally friendly renewable energy source that is widely considered as a promising alternative for fossil fuel. Gasification is one of the most attractive biomass conversion technologies for the production of valuable energy products from multiform biomass feedstocks. The primary product of gasification is the producer gas or syngas, which mainly contains hydrogen, carbon monoxide, carbon dioxide, and water vapor. Biomass-derived syngas can be used for power generation, synthesis of Fisher-Tropsch liquid fuel, and other forms of energy after further chemical transformations [1] [2] [3] [4] . It is noted that the control of the H 2 /CO molar ratio and the production of concentrated H 2 are highly desirable for effective utilization of the syngas [5, 6] . New Zealand has abundant biomass resources, including woody waste, agricultural waste, and other commercial crops. Hence, biomass conversion is a promising energy option for New Zealand [7, 8] . In this aspect, a dual fluidized bed (DFB) steam gasifier has been developed as means to produce syngas from biomass resources effectively [1, 3, 4] . In this study, we aim to use the membrane-based separation, which is a promising gas separation technology compared to other traditional methods [9, 10] , to produce concentrated H 2 stream in this biomass-derived syngas system.
As a member of metal organic frameworks (MOFs), zeolitic imidazolate frameworks (ZIFs) are novel emerging porous materials composed of divalent metal nodes linked by imidazolate bridging ligands [11] [12] [13] [14] [15] [16] . ZIF materials are regarded as "zeolitic" because their 145°
metal-imidazolate-metal angles are very close to the zeolite Si-O-Si angle [14, [17] [18] [19] [20] [21] . In addition to the general property advantages of most MOF materials, such as the adjustable pore M A N U S C R I P T
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4 size and the high surface area, ZIFs have high chemical and thermal stability [14, 22, 23] . Over 150 ZIF structures have been developed by incorporating different metals and functional ligand groups, which has resulted in a variety of zeolite-like topologies and special chemical functionalities.
The structural robustness and other advantages make ZIFs promising materials in many application areas, including separation and adsorption [22, [24] [25] [26] , catalysis [27] [28] [29] [30] , and drug delivery [31] . Among these applications, the most promising utilizations of ZIFs are in separation membranes [32] [33] [34] [35] [36] and selective sorbents [37] . For example, a supported ZIF-7 membrane was prepared in Caro's group for hydrogen separation and exhibited separation factors of 13.6 for H 2 /N 2 and 18 for H 2 /CO 2 [32] . A ZIF-8 membrane was fabricated in aqueous solution and was successfully employed to separate a propylene/propane mixture by Lai's group [38] . In addition, a counter-diffusion method was employed for the facile synthesis of ZIF-8 membranes, which showed good propylene/propane separation performance [39] . A 3-aminopropyltriethoxysilane (APTES)-modified ZIF-90 membrane was developed by Huang et al.
with a CO 2 /CH 4 separation factor of 4.7, which is promising in the application of CO 2 /CH 4 separation [40] .
ZIF-8 membrane synthesis methods have been investigated and developed under different conditions for many separation applications. In particular, ZIF-8 has a relatively high chemical and thermal stability compared to other MOFs [14] . The pore size of ZIF-8 (~0.34 nm), which is larger than the kinetic diameter of H 2 (0.289 nm) and CO 2 (0.33 nm), but smaller than CO (0.376 nm), N 2 (0.364 nm), and CH 4 (0.38 nm) [41] , allows it to be used potentially for gas separation M A N U S C R I P T
5 processes in industry [42] . Although the pore size of ZIF-8 is slightly larger than the kinetic diameter of CO 2 , ZIF-8 membranes were expected to separate H 2 /CO 2 mixtures through the recognition of their size difference [43] . However, modest H 2 /CO 2 separation performance has been reported [24, 26, 42, 44] , requiring a substantial work on understanding the structural properties of ZIF-8 membranes and thus, improving their separation performances. There are two primary classifications of the synthesis methods; in situ growth [26, 34] and secondary growth [25, 33, 35] . Some innovative procedures have also been developed [45] . The effects of other features in ZIF-8 membrane synthesis have been discussed, including the substrate effect, the solvent effect, and the activation procedure effect. This information has been summarized by Melgar et al. [46] and Pimentel et al [22] .
Herein, a ZIF-8 membrane is considered an alternative solution for separating hydrogen permeation at room temperature and mixture gas permeation at different temperatures in a simulated biomass-derived syngas environment both with and without the presence of steam. To the best our knowledge, the hydrothermal stability of the ZIF-8 membrane was for the first time studied via a long-term operation under simulated humid syngas environments at 200 °C.
Experimental
Materials
Zinc chloride (99.9%) was purchased from Ajax Chemicals. Zinc nitrate hydrate (>99.99%), 2-methyimidazole (Hmim), methanol (>99.8%), and sodium formate were purchased from Sigma-Aldrich Chemical Co. All chemicals were used as received without further treatment.
For permeation tests, instrument-grade hydrogen, nitrogen, argon, carbon dioxide, carbon monoxide, and a simulated biomass-derived syngas with a gas composition of 50 vol% H 2 , 25 vol% CO and 25 vol% CO 2 were purchased from BOC. Deionized (DI) water was produced in a lab-based reverse osmosis water treatment plant.
ZIF-8 membrane fabrication and post-treatment
Seed synthesis
Nano-sized ZIF-8 crystals were synthesized according to the method of Cravillon et al [18] . In general, 0.386 g Zn(NO 3 ) 2 ·6H 2 O and 0.4175 g Hmim were dissolved in 25 ml methanol. 
Membrane fabrication
A porous α-alumina disc support of 3 mm thickness and 22 mm diameter was prepared by hydraulic pressing followed by programmed temperature calcination. Prior to being seeded, the support was polished with fine sandpaper to obtain a smooth seeding surface and was then washed in an ultrasonic water bath. After the support was dried at 120 °C, it was dip-coated in the prepared seed solution for 10 seconds 2 times and dried in an oven at 80 °C overnight.
The secondary growth solution was prepared according to the method reported by Bux et al [24] . In detail, 0.5460 g ZnCl 2 , 0.2781 g NaHCO 2 , and 0.4698 g Hmim were dissolved in 40 ml methanol under ultrasonication for 1 min and were then stirred for 5 min. The clear solution was carefully poured into a Teflon-lined autoclave with the seeded support loaded vertically. The autoclave was treated in an oven at 120 °C for 6 h. After the autoclave was cooled to room temperature, the membrane was removed and washed with methanol. Finally, the membrane was dried at room temperature for 24 h.
Post-treatment of the imperfect membrane
The dried ZIF-8 membrane was considered an imperfect membrane if it did not have a reasonable H 2 /N 2 ideal selectivity in the single gas permeation test. Then, post-treatment was performed in the following two steps to refine the membrane. First, the imperfect membrane was gently polished to smooth the membrane surface with fine sandpaper (#1600). If it was still an imperfect membrane after the polishing treatment, then the following 2 nd step was carried out.
The membrane surface was further polished to deliberately break the top thin layer of the ZIF-8 membrane into small ZIF-8 particles, re-generating a uniform ZIF-8 seeded support layer.
Subsequently, a 2 nd membrane synthesis was conducted by repeating the procedures in section 2.2.2 and the polishing post-treatment followed. This post-treatment procedure is similar to a method that Tao et al. reported [35] .
Gas permeation test and characterization
A single gas permeation test was conducted by using the system, shown in Fig. 1a , at room temperature, and a mixture gas permeation test was performed by using the WickeKallenbach system, shown in Fig. 1b , at different temperatures. The membrane was loaded into a permeation cell sealed with a silicon o-ring and was then activated under argon flow before testing. In the mixture gas permeation test, the feed gas flow rate was 30 ml/min and the total pressure (approximately 3 atm) at the feed/retentate side was controlled using a needle valve. In the permeate side, argon was used as the sweep gas to dilute the gas concentration and the total pressure was maintained at 1 atm. The gas compositions of the retentate and the permeate streams were analyzed with a gas chromatograph (Buck scientific 910 GC) configured with both a thermal conductivity detector (TCD) and a flame ionization detector (FID) equipped with a
methanizer. An Agilent ADM 2000 flow meter was used to measure the flow rate in both tests.
Scanning electron microscopy (SEM) was performed on a JEOL 700F. X-ray diffraction (XRD) patterns of the samples were collected using a Philips PW1700 instrument equipped with a Co Kα radiation source. The separation factor, / i j α for the gas mixtures was calculated from equation (1):
where i x and j x represent the mole fraction of species i and j in the feed side, while i y and j y represent the mole fraction of species i and j in the permeate side.
Results and Discussion
ZIF-8 membrane synthesis and post-treatment
The average size of the synthesized ZIF-8 seeds was approximately 100 nm with a uniform size distribution, as shown in Fig. 2a . Fig. 2b and c show the top surface of the support before and after the seeding procedure, indicating that the support is uniformly covered by the ZIF-8 seeds after the double dip-coating procedure. The single gas permeation results at room temperature are summarized in Table. 1. The bare support exhibited a pure gas H 2 permeance of 11.5×10 -6 mol·m -2 ·s -1 ·Pa -1 and H 2 /CO 2 , H 2 /CO, and H 2 /N 2 ideal selectivities of 3.63, 3.08, and 3.02, respectively. These ideal selectivities suggest that gas permeation through the bare support followed the combined mechanisms of Knudsen diffusion and laminar flow [47] . Although the gas permeances of the imperfect ZIF-8 membrane decreased more than 10 times after the membrane synthesis procedure, the ideal selectivities of H 2 /CO 2 and H 2 /N 2 were not improved M A N U S C R I P T
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10 compared with the bare support but rather decreased to 3.03 and 2.59, respectively. The top surface and cross-section SEM images of the imperfect ZIF-8 membrane are shown in Fig. 2d and 2e, respectively. Although a well-integrated membrane layer was likely to be formed on the top of the support, the membrane surface was very bumpy and uneven apparently due to the formation of large ZIF-8 crystals with an average particle size over 20 µm. Fig. 2d respectively, which were comparable to other reports [46] . It was found that the ideal selectivity of H 2 /N 2 was higher than that of H 2 /CO, though the kinetic diameter of CO (0.376 nm) was larger than that of N 2 (0.364 nm). The lower H 2 /CO ideal selectivity can be ascribed to the stronger CO adsorption compared with weak N 2 adsorption on the ZIF-8 surface [37] . Fig. 2f shows that the top surface of the 1 st polished ZIF-8 membrane was flatter and that the edges of the large ZIF-8 crystals were polished away. At the same time, some debris particles were observed on the polished membrane surface, which were likely to be the broken ZIF-8 fragments.
The cross-section image of the 1 st polished ZIF-8 membrane, shown in Fig. 2g , demonstrates that the ZIF-8 membrane layer exhibited a reduced thickness of ca 20 µm after the polishing posttreatment.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
11
The schematic diagram shown in Fig. 3 is proposed to explain the effects of the polishing post-treatment. As shown in Fig. 3a , before the polishing treatment, the rough surface of the imperfect ZIF-8 membrane could result in a defective contact area between the membrane surface and the sealing o-ring, possibly generating an undesired shortcut for the permeating gas molecules. Rather than passing along the ZIF-8 membrane thickness to the permeate side, it is easier for the pressurized gas molecules to flow through the defects due to the incomplete sealing, where the transport resistance is smaller. Accordingly, the ZIF-8 membrane failed to achieve the gas separation performance, as expected by the molecular sieve effect. Thus, it resulted in the low ideal selectivities of H 2 /CO 2 and H 2 /N 2 , as reflected by the single gas permeation results of the imperfect ZIF-8 membrane (Table 1 ). In contrast, the polishing post-treatment procedure could eliminate or at least reduce significantly the sealing defects, allowing for the formation of a flat membrane top layer, as shown in Fig. 3b . Under this circumstance, the feed gas can be effectively sieved by the ZIF-8 membrane, improving the perm-selectivity of hydrogen over larger molecular gases.
Despite the definite improvement via the polishing post-treatment, careful and precise control is required during this manual polishing process. If the membrane layer is damaged by excessive polishing, it would result in poor H 2 separation performance again. For this case, the 2 nd time synthesis was conducted in this study in an attempt to repair the membrane for reliable membrane-based H 2 separations. The single gas permeation results obtained through the ZIF-8 membrane after 2 nd time synthesis and polishing are also listed in Table 1 . The single gas permeances and the corresponding ideal selectivities of the membrane after the 2 nd time synthesis and polishing are comparable to those of the 1 st polished membrane. It appears that a polishing of M A N U S C R I P T
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the imperfect ZIF-8 membrane prior to the 2 nd time synthesis produced ZIF-8 seeds effectively by fragmenting the membrane constituents [35] . In the industrial manufacture perspective, this additional seeded growth (i.e., tertiary growth) is highly desirable, since this post-treatment method can reduce the membrane manufacturing cost via repairing membranes that show poor separation performance.
In addition, Fig. 4 shows the XRD patterns of the ZIF-8 membranes before and after the post-treatments along with those of ZIF-8 seeds and the simulated XRD patterns of ZIF-8 and α-alumina. At this point, it is worth mentioning that the XRD patterns of the ZIF-8 membranes after the both post-treatments (i.e., (1) 1 st polishing and (2) 2 nd time synthesis and polishing)
were well-preserved, with being comparable to those of imperfect ZIF-8 membranes and ZIF-8
seeds. This indicates that the main ZIF-8 structure in the membrane was well maintained, while removing or reducing defective structures, originally present in the imperfect ZIF-8 membranes, through the post-treatments.
Mixture gas permeation
The mixture gas permeation of a ZIF-8 membrane after the 2 nd synthesis and polishing was examined at different temperatures with a mixture gas of 50 vol% H 2 , 25 vol% CO 2 , and 25 vol% CO, which was chosen as a simulated biomass-derived syngas composition without water vapor. As shown in Fig. 5a , the mixture gas permeances of H 2 , CO 2 , and CO at 30 °C through the ZIF-8 membrane were 13.6×10 -8 , 4.31×10 -8 , and 2.89×10 -8 mol·m -2 ·s -1 ·Pa -1 , respectively.
These permeation values were decreased 30% for H 2 and CO 2 but slightly increased for CO as M A N U S C R I P T
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13 compared to the single gas permeation results (Table 1 ). Therefore, the corresponding H 2 /CO 2 and H 2 /CO separation factors 30 °C were 3.05 and 4.53, respectively, which were lower than the ideal selectivities of 4.47 and 7.57, respectively, as a similar trend was reported by Pan et al [33] .
The gas permeation variation in the mixture gas can be attributed to 1) competitive adsorption and diffusion when different gases exist in the membrane system and 2) the concentration polarization impact on the feed side of the membrane. As the temperature increased, the gas permeances further decreased for all gases with the lowest degree of reduction for H 2 . Therefore, the separation factors of H 2 /CO 2 and H 2 /CO increased monotonically with temperature.
Specifically, the H 2 permeance at 200 °C decreased approximately 20%, whereas the CO and CO 2 permeances decreased over 50% compared to their permeances at 30 °C. As a result, the corresponding separation factors increased from 3.05 to 5.14 for H 2 /CO 2 and from 4.53 to 6.38 H 2 /CO. The temperature-dependent gas permeation performance could be explained by the competition between activated diffusion and reduced adsorption with increased temperature [38] .
In our case, the gas permeation was primarily in the adsorption-controlled regime, which resulted in the reduction of gas permeances as the temperature increased, especially for the strong adsorption gases CO and CO 2 . Though undesirable, we cannot exclude the presence of Knudsen diffusion through the defects in the ZIF-8 membrane, which in turn contributed to decreasing the gas permeances in a partial way.
In a practical syngas environment, water vapor co-exists with the above dry syngas and thus, will affect the gas permeation performance of the ZIF-8 membrane. Here, the mixture gas permeation performance was further investigated under the simulated biomass-derived syngas environment with the presence of 10 vol% steam, as temperature was increased up to 200 °C.
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The resulting permeation data (Fig. 5b) indicate that the gas permeance of H 2 was almost constant with temperature, while those of CO 2 and CO decreased monotonically with temperatures, as similar to the permeances in the absence of steam (Fig. 5a) . The lower gas permeances of all the gases than the counterparts under the dry syngas stream can be ascribed to the condensation and occupation of water molecules in the pore aperture of the ZIF-8 structure, impeding the gas permeation through the ZIF-8 membrane. Nevertheless, the degree of reduction in the gas permeances was not significant for all gases, apparently because of the hydrophobicity of ZIF-8 materials. Specifically, the H 2 /CO 2 and H 2 /CO separation factors of 4.95 and 6.08 at 200 °C were almost close to 5.14 and 6.38, respectively, obtained under the dry syngas stream (Fig. 5a ). As 200 °C is the maximum temperature considered in this study and a higher temperature is desirable for energy-saving H 2 separations from the syngas stream, the weak adsorption of water at high temperatures is beneficial for preserving the performance of ZIF-8 membranes for reliable H 2 separations, regardless of the presence of water in the feed.
Hydrothermal stability of the ZIF-8 membrane
A hydrothermal stability often prohibits many membranes (e.g., silica membranes and polymeric membranes) from being employed in syngas separation applications with the presence of steam. Although the ZIF-8 membrane shows a potential to separate H 2 from CO and CO 2 ( Fig.   5 ) and ZIF-8 is known as a thermally stable material, to the best of our knowledge, the hydrothermal stability of the ZIF-8 membrane has not been reported under the practical humid syngas environment. As mentioned above, the high hydrothermal stability of ZIF-8s is a key factor to ensure robust H 2 separations. Therefore, we investigated the thermal stability of ZIF-8
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particles under various gaseous environments and found that the ZIF-8 structure was least stable under a steam atmosphere [48] . Although similar H 2 perm-selectivities that indicate the preferred permeation of H 2 over other gases were observed in both dry and wet conditions at 200 °C, it is necessary to confirm the applicability of the ZIF-8 membrane for reliable H 2 separations from biomass-derived syngas. To this end, the hydrothermal stability was examined by observing the performance of the ZIF-8 membrane under the simulated syngas environment with the presence of 10 vol% steam at 200 °C. As shown in Fig. 6 , the gas permeances and separation factors were not significantly changed up to ~10 h. However, all the gas permeances started to increase slowly after 10 h and concomitantly, the separation factors were decreased. After 15 h, the H 2 permeance increased by more than 75% and the CO and CO 2 permeances were increased to almost 2 times of their initial permeances, resulting in the H 2 /CO 2 and H 2 /CO separation factors being lowered to 3.32 and 3.59, respectively. The performance variation indicated that the ZIF-8 membrane have a limitation for membrane-based H 2 separations as it started to lose its molecular sieve functionality after 10 h at 200 °C under the simulated biomass-derived syngas environment with the presence of 10 vol% steam. In addition, the single gas permeation test was conducted at room temperature by using the ZIF-8 membrane after the hydrothermal stability test. These ideal selectivities were very close to the single gas permeation results of the imperfect ZIF-8 membrane (3.03 and 2.49 in Table 1 ). Therefore, one may conclude that the ZIF-8 membrane is not able to serve as the H 2 -selective membranes for a long-term purpose, since its exposure to the steam-containing syngas environment at 200 °C for 15 h resulted in deteriorating the separation performance eventually toward that of the bare supports.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
16
The XRD patterns of the ZIF-8 membranes after the hydrothermal stability test were consistent with the simulated ZIF-8 pattern (Fig. 7) , indicating the ZIF-8 structure was still preserved in spite of the lowered H 2 separation performance. Along with the XRD patterns shown in Fig. 4 , this result suggests that the XRD analysis should be complemented with the permeation measurement to draw a proper conclusion relevant to the separation performance of ZIF-8 membranes. As expected, the hydrothermal exposure led to irregular-shaped ZIF-8 grains and cracks on the top surface of the ZIF-8 membranes as shown in the SEM image (Fig. 8a ). Fig.   8b shows that the membrane thickness of the ZIF-8 membrane was slightly decreased after the hydrothermal stability test. Unfortunately, all these results were consistent with our findings on the thermal stability of ZIF-8 particles [48] . Specifically, the particles with the ZIF-8 structure could be maintained at a temperature lower than 300 °C for 5 h under steam conditions with some loss of its crystallinity, though ZIF-8 structures were well preserved at the same temperature under inert argon conditions. Considering both the crystallinity and defect are critical for preserving the separation performance of a ZIF-8 membrane, deliberate choices for the reliable use through ZIF-8 membranes should be satisfied; inert conditions will be much beneficial for utilizing the H 2 separation performance of ZIF-8 membranes.
Based on the hydrothermal stability test, we conclude that the ZIF- 
Conclusions
In this study, a zeolitic imidazolate framework-8 (ZIF- 
